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10.  AOSTHACT 


A program  of  inorganic  glass  development  resulting  in  the  formulation  of 
numerous  compositions  for  direct  fusion  to  silicon  solar  cells  was  conducted. 

The  glasses  were  sedimented  as  -ZOO  mesh  particles  •'nto  the  front  surface 
of  the  solar  cells,  then  fused,  to  form  an  integral  cover,  at  temperatures 
ranging  from  510*^C  to  600^C  depending  on  solar  cell  type  and  glass  composition. 
Coatings,  at  least  50  microns  thick,  were  applied  to  both  N/P  aluminum  - 
contacted  and  silver/ titanium  .contacted  cells.  Electrical  characterization 
of  the  bare  and  coated  cells,  before  and  after  ele'^tron  irradiation,  shews  that 
some  cells  can  be  integraily  covered  by  this  technivi  '-e  without  degrading  their 
conversion  efficiency  below  an  acceptable  level.  Glass  preparation, 
compositional  modifications,  and  the  effect  of  these  changes  on  fusion  teniperature, 
radiation  resistance,  transmission,  and  thermal  expansion  are  oiccussed. 
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FOREWORD 


This  Final  Technical  Report  covers  all  work  ur>der  Contract 
F33615-71-C-1656  from  May  19,  1971  to  October  31,  1974. 

This  contract  with  the  Space  Sciences  Laboratory,  General 
Electric  Company,  was  initiated  under  Project  No.  3145,  Task  No 
19,  Work  Unit  No.  3] , "Integral  Glass  Covers  for  Silicon  Solar 
Cells.” 

At  the  time  of  submission  of  this  report,  the  technical 
efforts' were  being  di-^ected  by  Lt.  John  M.  Green,  AFAPL/POE-2 
Energy  Conversion  Branch,  Aerospace  Power  Division  of  the  Air 
Force  Aero-Propulsion  Laboratory,  Wright-Patterson  Air  Force 
Base,  Ohio. 

The  following  General  Electric  Company  personnel  were  con- 
tributors to  the  program  in  the  capacity  noted: 


T.  A.  Harris 
R.  W.  Gunnett 

L.  R.  McCreight 
R.  Peterson 
H.  W.  Rauch,  Sr. 

D.  R.  Ulrich 


Transmittance  Measurements  I Irradiation 

Solar  Cell  Characterization,  Transmittance 
and  Irradiation 

Program  Manager 

Depth-Dosage  Calculations 

Glass  Formulation,  Preparation,  Evaluation 
and  Solar  Cell  Application 

Principal  Investigator 


I Publication  of  this  report  does  not  constitute  Air  Force 

* 

[ approval  of  the  report's  findings  or  conclusions.  It  is  published 

j only  for  the  exchange  and  stimulation  of  ideas. 


John  M.  Green,  Lieutenant,  USAF 
Project  Engineer/Scientist 


FOR  THE  COMMANDER 


Joseph  F.  Wise,  Technical  Manager 
Solar  Energy  Conversion 
Aerospace  Power  Division  ^ 


SUMMARY 


The  main  objective  of  this  program  was  to  develop  a stress,  iree, 
integral  glass  cover  material  aad  a technique  for  applying  it  to  large  area, 
hardened  solar  cell  arrays  with  the  expectation  that  this  would  reduce  the 
covering  costs  from  approximately  $60/ watt  to  $5/watt.  The  feasibility  of 
meeting  this  objective  was  demonstrated. 

This  objective  was  approached  by  formulating  glasses,  which  were 
applied  as  very  fine  particles  and  fused  directly  to  silicon  solar  cells.  The 
requisite  properties  of  such  glasses  include  all  of  the  qualities  of  adhesively 
bonded  covers,  namely: 

1.  High  transmission  betw'een  0.3  and  1,1  microns 

2.  Resistance  to  radiation  darkening 

3.  Moisture  resistance 

4.  Thermal  cycle  resistance 

The  glasses  must  also  match  the  thermal  expansion  of  silicon,  and  fuse  at 
temperatures  which  do  not  degrade  cell  performance. 

More  than  ICO  compositions  were  formulated,  melted,  and  screened  in 
the  development  of  glasses  having  the  above  properties. 


Many  of  the  resultant  glasses  were  eliminated  during  screening  because 
of  high  fusion  temperature,  hi^h  thermal  expansion,  or  poor  radiation 
resistance.  However,  about  25  glasses  eventually  were  applied  as  integral 
covers  to  three  different  types  of  silicon  solar  cells.  Integral  covers,  at 
least  50  microns  thick,  were  fused  to  both  P/N  lithium -doped  and  N/P 
aluminum -contacted  cells  and  to  conventional  N/P  silver/ titanium-contacted 
cells.  I-V  response  measurements  indicated  complete  power  loss  in  the  P/N 
lithium -doped  aluminum -contacted  cells,  marginal  power  loss  in  the  N/P 
aluminum -contacted  cells,  and  essentially  no  power  loss  in  the  silver/ 
titanium -contacted  cells. 

In  addition,  modules  consisting  of  nine  cells  each,  in  a three-by-three  cell 

•» 

symm-etry  were  integrally  covered.  The  cells  were  joined  into  modules  having 
1.0  mil  aiiuninum  interconnects  which  also  received  a glass  coating  by  virtue 
of  the  integral  covering  technique  used. 

Two  generic  types  of  glass  compositions  evolved  from  this  program.  One 
consisted  of  the  oxides,  Li^O*  ZnO^B^Os’SiO^  ; the  other  was  composed  of 
LigO*  Zn0»  B')03*Ge02^.  Both  types  also  contained  AI2O3  and  Tap05  as  modifier 
oxides  and  some  of  the  glasses  included  CeO^  or  Ti02  for  radiation  resistance. 

Several  oi  these  glasses  possess  fusion  temperatures  between  650  -580  C, 
coefficients  of  ii.ermal  expansion  around  6.0  x 10"^/°C,  and  good  transmission, 
before  and  after  electron  irradiation.  It  is  difficxilt,  therefore,  to  select  a 
single  composition  as  the  best  integral  cover  material.  Since  HR-12BG  has 


iv 


been  applied  to  more  than  25  N/P  silver /titanium -contacted  cells,  this  glass 
becomes  the  leading  candidate.  However,  acceptable  I-V  response  data  were 
also  obtained  from  cells  covered  with  HR-12B4,  GE-101673  and  GE-122673. 


ABSTRACT 


A prograun  of  inorganic  glass  development  resulting  in 
the  formulation  of  numerous  compositions  for  direct  fusion  to 
silicon  solar  cells  was  conducted.  The  glasses  were  sedimented 
as  -20o  mesh  particles  onto  the  front  surface  of  the  solar 
cells,  then  fused,  to  form  an  integral  cover,  at  tem.peratures 
ranging  from  510°C  to  600°C  depending  on  solar  cell  type 
and  glass  composition.  Coatings,  at  least  50  microns  thick, 
were  applied  to  both  N/P  aluminum  - contacted  and  silver/ 
titanium  - contacted  cells.  Electrical  characterization  of  the 
bare  and  coated  cells,  before  and  after  electron  irradiation, 
shows  that  some  cells  can  be  integrally  covered  by  this  technique 
without  degrading  their  conversion  efficiency  below  an  acceptable 
level.  Glass  preparation,  compositional  modifications,  and 
the  effect  of  these  changes  on  fusion  temperature,  radiation 
resistance,  transmission,  and  thermal  expansion  are  discussed. 
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I,  INTRODUCTION 


The  need  to  protect  silicon  solar  cello  from  natural  and  man-made 
radiation  and  from  micrometeorite  damage  lias  been  well  established. 

However,  the  most  satisfactory  technique  for  achieving  this  protection  has 
not  been  identified.  The  most  commonly  used  method  is  to  bond  a thin 
(6-10  mil)  sheet  of  fused  silica  to  the  cell  surface  with  an  organic  e.dhesive. 
This  technique  is  not  completely  satisfactory  because  radiation  eventually 
degrades  the  adhesive  sufficiently  to  impair  cell  output.  This  reason 
together  with  the  economics  of  adhesively  bonded  covers  has  focused  much 
attention  on  the  development  of  integral  covers  for  solar  cells, 
n.  CONVENTIONAL  COVER  GLASSING  APPROACH 
A.  General  Description 

To  date,  all  flight  solar  array  designs  have  utilized  discrete  cover 
glasses  which  are  bonded  to  the  solar  cell  active  surface  with  a clear  silicone 
adhesive.  Either  silica  or  a high  silica,  i.e.  Corning  0211  micropheet  or 
7940  fused  silica  cover  glass  material  are  conventionally  used,  usually  with  a 
blue  or  blue-red  reflecting  filter  on  the  solar  cell  facing  surface.  The  outside 
facing  surface  is  covered  vdth  an  anti-reflection  coating.  The  blue  reflecting 
filter  system  is  used  on  contemporary  solar  array  designs  and  provides  a 
transmission  cut-on  wavelength  of  about  0.4  microns.  This  cut-on  was 
established  to  protect  the  clear  silicone  cover  glass  adhesive  against  the 
darkening  effects  of  transmitted  ultraviolet  radiation. 


Material  Cost 


The  cover  glass  ui.it  cost  varies  with  quantity,  material, 

thickness,  size,  filter  system,  dimensional  tolerance  and  mechanical 

imperfections.  The  effect  of  some  of  these  variables  on  cover  glass  material 

( i 2) 

cost  is  shown  in  Figures  1 through  3 , Figure  1 shows  the  price  variation 

due  to  the  type  of  coatings  applied  to  the  glass  substrate.  This  data  reflects 
1967~69  prices  and  is  adjusted  to  a baseline  (zero-cost)  which  corresponds  to 
an  AR  coating  plus  a blue  reflecting  filter.  Figure  2 shows  the  relative  cost 
of  fused  silica  cover  glass  (2x4  cm,  with  blue  reflecting  filter  and  AR  coating) 
as  a function  of  glass  thickness.  The  optimum  thickness  for  fused  silica  covers 
is  about  500  microns  (20  mils).  The  effect  of  q’xantity  on  cost  for  a blue  filtered, 
AR  coated  cover  glass  is  shown  in  Figure  3.  If  the  filter  configuration  is  changed 
to  either  AR  only  or  AR  plus  blue -red,  the  values  in  Figure  1 must  be  added  to 
the  values  in  Figure  3,  The  influence  of  dimensional  tolerance  is  reflected  by 
a 5 to  10  percer^  increase  in  price  if  the  typical  tolerances  of  - 75  microns 
(-  0.003  inch)  on  length  and  width  and  - 25  microns  (-  0.001  inch)  on 
thickness  are  tightened.  Similarly,  a tightening  of  nominal  edge  and  corner 
chip  specifications  will  cause  another  6 percent  increase  in  unit  cover  glass  price. 
C.  Installation  Cost 

The  cover  glass  installation  cost  is  a function  of  the  cover-to-cell 
location  toleranc.:s,  cover  glass  size  and  thickness,  type  of  adhesive  used, 

and  quantity.  Figure  4 shows  the  approximate  range  of  cover  glass  instaUation 

- Numbers  in  parenthesis  are  references  cited  in  Section  X.  In  addition, 
a Bibliography  of  selected  reading  is  included  in  Section  XI. 
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Figure  3.  Solar  cell  coverglass  price  versus  quantity 

(Reference  1) 
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Figure  4,  Installation  price  of  various  types  of  solar  cell  covers  versus  quantity 

(Reference  1) 


prices  for  various  cover  glass  thickness  as  a function  of  the  quantity  installed. 
These  curves  a.re  based  on  prevailing  prices  for  the  period  1967-69,  and 
include  typical  burdened  labor  and  a normal  breakage  allowance.  The  upper 
curve  for  each  type  represents  the  more  difficult  and  costly  approach  with  tight 
cover  glass  .olerances,  rigid  (’’zero-gap")  cover  placement  tolerances,  and 
the  most  costly  adhesive  (R63-489).  The  lower  curve  represents  loose  cover 
glass  dimensions,  more  liberal  placement  tolerances  and  the  easily  applied 
RTV602  adhesive. 

Table  1 summarizes  the  total  cover  glassing  cost  ancdysis  for  a 
glass  thickness  of  150  microns  (6  mils).  These  data  are  derived  by  the 
following  steps: 

a.  Determine  the  coating  cost  correction  from  Figure  1 

b.  Determine  the  upper  and  lower  price  for  each  material 
type  from.  Figure  3 

c.  Determine  the  upper  and  lower  price  for  tight  and 
relaxed  specifications  for  installation  from  Figure  4. 
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m.  INTEGRAL  COVER  GLASSING  APPROACH 


The  development  of  an  integral  solar  cell  cover  is  an  attractive 
objective.  Organic  adhesives  with  their  attendant  shortcomings  would  be 
eliiTii' sated  and  possibly  the  need  for  anti -reflection  coatings  could  be 
mi»'imized.  Finally,  integral  covers  should  have  a decided  economic 
advantage  since  the  tedious  labor  of  cover  slide/cell  assembly  would  be 
eliminated. 

The  use  of  integral  glass  coatings  to  protect  silicon  surfaces  has  been 
studied  by  numerous  investigators  for  nearly  two  decades.  Techniques  such 
as  reactive,  high  vacuum  ion  beam,  and  rf  sputtering,  electron  beam 
deposition,  chemical  vapor  deposition,  and  thermal  decomposition  have  been 
employed  to  deposit  fused  silica,  alumino-silicates,  aluminoborosilicates, 
borosilicates,  phosphosilicates  and  other  glasses  onto  silicon.  However,  a 
serious  limitation  inherent  to  these  techniques  is  the  introduction  oi  srf&cient 
residual  stress  into  the  cell  to  impair  its  conversion  efficiency.  Only  recently 
h^s  a possible  solution  to  this  problem  been  reported  Another  major 

disadvantage  of  all  these  methods  is  the  very  slow  rate  of  coating  deposition. 

The  coating  technique  we  used  throughout  our  study  is  similar  to 
porcelain  enamelling.  It  consists  essentially  of  depositing  a layer  of  very  fine 
glass  particles  onto  a solar  cell  and  by  subsequent  thermal  treatment,  fusing 
the  particles  together  and  to  the  cell  surface.  This  technique  has  been 
previotisly  described  ' ' to  apply  uorosilicate  glasses  to  doped  silicon 
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slices  and  by  several  additional  processing  steps,  produce  an  integrally 
coated  solar  cell.  However,  the  temperature  required  to  fuse  borosilicate 
glasses  to  either  silver/titanium  or  aluminum  contacted  solar  cells  would 
completely  degrade  the  cells.  Therefore,  we  have  concentrated  on  developing 
a series  of  glasses  specifically  for  application  to  silicon  solar  cells  keeping 
in  mind  the  required  low  fusion  temperature,  low  thermal  expansion,  high 
transmittance,  good  radiation  resistance,  and  chemical  durability, 
rv.  GLASS  DEVELOPMENT 
A,  Background 

In  August  1968  a program  was  initiated  in  our  laboratory  to  develop 

a glass  which  could  be  directly  fused  to  silicon.  One  of  the  resulting 

compo«iitions,  an  alkali  borogermanosilicate,  showed  considerable  promise. 

Pieces  of  this  glass,  about  30  mils  thick  were  fused,  at  850°C,  to  a 30  mil 

thick  silicon  wafer.  After  the  wafer  cooled  to  room  temperature,  it  was 

o 

immersed  in  liquid  nitrogen  (-196  C)  with  no  apparent  therm.al  shock  damage 
to  the  glass.  In  addition,  an  80  mil  thick  disk  of  this  glass  was  exposed  to 
50  Mrad  of  Sr*^®  beta  irradiation  with  no  effect  on  transmission,  which 
exceeded  80%  from  0.6  to  1.1  microns. 

Our  early  work  ultimately  led  to  the  initiation  of  this  program  with, 
however,  a very  much  more  difficult  objective;  the  development  of  glasses 
and  a technique  for  applying  them  to  aluminum -contacted  silicon  solar  cells. 
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The  application  of  glass  by  the  fusion  technique  to  aluminun'i -contacted  silicon 

solar  cells  involves  a severe  temperature  limitation  because  of  the  577°C  eutectic 

which  exists  in  the  aluminum -siUcon  system.  Initial  feasibility  for  achieving 

this  objective  was  demonstrated  late  in  1969  with  the  development  of  a zinc 

oxide -modified  alkedi  silicogsrmanoborate  glass.  Smooth,  craze-free, 

integral  films  of  this  glass  at  least  50  microns  thick  were  produced  on  30  mil 

thick  silicon  wafers  using  a f'  ion  cycle  of  565°C/5  minutes.  Storage  of 

these  ccated  silicon  wafers  in  our  laboratory  for  18  months  did  not  alter  the 

integrity  of  the  glass  films.  This  behavior  prompted  our  selection  of  the 

glass  as  the  parent  composition  for  developing  a stress -free  integral  cover  for 

silicon  solar  cells  according  to  the  objectives  of  this  program.  However, 

90 

the  glass  darkened  considerably  when  exposed  to  about  60  Mrads  of  Sr  beta 
irradiation  and  crazed  badly  when  applied  in  films  thicker  than  75  microns. 

W'e  therefore  concentrated  on  compositional  adjustments  to  correct  these 
deficiencies. 

Raw  materials  consisting  of  single  and  double  oxide,  carbonates, 
phosphates,  and  fluorides  were  carefully  weighed,  thoroughly  mixed  and  placed 
into  platinum  crucibles.  The  batches,  calculated  to  yield  50  grams  of  glass, 
were  melted  in  an  electric  furnace  at  selected  temperatures  in  the  range  of  1000 
to  1350°C,  depending  on  wO.nposition. 

Each  glass  was  melted,  quenched,  and  re-melted,  before  specimens 
were  made  for  thermal  expansion,  fusion,  and  transmittance  evaluation. 

Irdtially  all  the  melts  were  water  quenched,  but  later  quenching  consisted 
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of  pouring  the  melt  through  rotating  steel  rolls.  This  technique  produces 
ribbon  about  14  mils  thick  which  serves  very  well  as  fusion  and  transmittance 
evaluation  specimens.  Thermal  expansion  was  measured  on  bars  about 
1/4"  X 1/4"  X 2"  which  are  made  by  pouring  molten  glass  into  a graphite 
mold  having  two  cavities  of  approximately  those  dimensions.  The  bars  were 
annealed  at  times  and  tempera*-”.-,  as  dependent  on  cornpositior.,,  A typical 
annealing  schedule  was  500°C/2  hours. 

B.  Parent  Glass  Modification 

The  parent  glass  was  initially  modified  by  a senes  of  compositional 
adjustments  as  follows: 

To  lower  the  thermal  expansion 

ZnO  content  increased 

K^O  r'*placed  with  Na^O 

Additions  of  AI2O3  , Hf02,  La203  . and  Tu205 

To  improve  the  fusion  behavior 

Oe02  content  increased 

Additions  of  PbO  and  La203 

To  improve  the  moisture  resistance 

B2O3  content  decreased 

Additions  of  AI2O3  and  La203 

To  improve  the  radiation  resistance 

Gradual  replacement  of  Ge02  with  SiO^ 

Addition  of  Ce02 
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The  most  significant  result  of  these  adjustments  was  the  development 

of  two  very  radiation  resistant  glasies,  ITL  and  ITLH.  Figures  5 and  6 

show  that  the  transmission  of  both  glasses  remained  essentially  unchanged 

after  a 24  hour  exposure  to  0.6  MeV  beta  irradiation.  (^0^^  e/cm  fluence). 

Most  silicate  glasses  discolor  as  a result  of  exposu-e  to  high  energy  radiation 

in  proportion  to  their  alkali  content,  but  both  of  these  glasses  contain  in 

excess  of  16.0  weight  percent  Li20.  Undoubtedly  their  ceria  contents  are 

r*»l?ted  to  their  very  good  radiation  resistance,  but  this  does  not  totally  provide 

an  explanation.  Many  glasses  having  identical  ceria  contents  were  made  before 

and  after  these  two  without  exhibiting  the  same  very  good  radiation  resistance. 

Unfortunately,  both  of  those  glasses  had  very  high  c >efficients  of  thermal 

expansion  x 10”^/°C)  which  eliminated  them  as  candidate  materials  for 

integral  covers.  In  fact,  none  of  the  glasses  resulting  from  tills  first  series 

of  compositional  adjustments  had  thermal  expansion  coefficients  as  low  as  that 

of  the  parent  composition  (9.7  x 10~^/°C). 

Some  general  observations  regarding  the  initial  modifications  follow; 

ZnO  contents  greater  than  about  16,0  w’eight  perceit  produce  opacity 

Replacement  of  Gc02  w'ith  SiO^  increases  the  fusion  temperature  but 
does  not  improve  the  radiation  resistance 

Reducing  the  B2O3  content  and  adding  AI2O3  or  La203  improves  the 
moisture  resistance 

Addition  of  ceria  significantly  improves  the  radiation  resistance. 
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Representative  compositions  in  oxide  weight  percent  of  glasses 


xn  this  series  are  shown  in  Table  2. 


C.  Fluoride -Modified  Glasses 


Fluoride  additions  to  oxide  glasses  reportedly  can  reduce  the  viscosity 

fS  -8) 

and  lower  the  softening  temperature  , and  fluoroberyllate  and  phospho- 
fluoride  glasses  have  been  reported  to  be  highly  ultraviolet  transmitting 
Several  base  compositions,  such  as  Nos.  19  and  22  were  modified  with  partial  .'r 
complete  substitution  of  LiF  for  KF  for  K20»  NaF  for  Na^O*  ZnF 2 for 

ZnO  and  AlFj  for  AI2O2  , 

The  introduction  of  fluorides  into  some  of  the  glasses  we  developed 
increased  the  fluidity  with  a corresponding  reduction  in  the  softening  temperature. 
Fox  example,  the  complete  replacement  of  LX2O  and  ZnO  by  LiF  and  ZnF2  in 
glass  No.  22  lowered  the  softening  temperature  from  500**C  to  463°C  e s determined 
by  differential  thermcil  analysis.  However,  electron  irradiation  darkened  the 
glasses  even  when  they  contained  ceria.  For  this  reason  further  work  was 


terminated 


TABLE  n.  COMPOSITION  IN  OXIDE  WEIGHT  PERCENT 

OF  REPRESENTATIVE  GLASSES  IN  FIRST  SERIES 
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1 

1C 

IL 

ITL 

ITLH 

ITLN 

7 

9 

11 

19 

B8 

K^O 

6.5 

6.5 

6.5 

- 

•B 

- 

- 

mm 

- 

6.2 

6.2 

6,2 

17.0 

16.5 

11.5 

6.2 

4.0 

8^1 

10.7 

11.3 

- 

- 

- 

- 

- 

9.5 

- 

- 

- 

- 

12.2 

1 

ZnO 

11.3 

11.3 

11.2 

6.6 

6.4 

6.3 

11.2 

21.5 

5.5 

- 

6.7 

AlzS 

«» 

- 

- 

- 

- 

7.0 

6.7 

6.9 

10.1 

16.8 

B203 

38.6 

38.3 

38.2 

22.5 

21.8 

21.4 

38.4 

27.6 

28.2 

37.6 

22.9 

m 

m 

0.9 

10.5 

10.2 

10. 0 

- 

•» 

m 

- 

mm 

«• 

- 

tm 

1.1 

6.9 

6.8 

•» 

- 

m 

- 

CeO^ 

- 

0.5 

- 

0.5 

1.4 

0.5 

- 

1.1 

0.7 

0.5 

0.8 

29.0 

28.9 

28.8 

- 

- 

28.8 

27.6 

42,5 

36.9 

- 

HfO^ 

- 

m 

« I 

- 

3.3 

- 

- 

mm 

«■ 

- 

- 

SiOz 

8.4 

1 

8.3 

1 

8.3 

1 

35.7 

i 

33.4 

1 i 

34.0 

8.3 

11.5 

8.1 

4.3 

29.3 
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D,  Phosphorous  Pentoxide- Containing  Glasses 


(li) 


The  very  low  surface  tension  of  molten  P2^5  '***  a.nd  its  ability  to 

(12) 

impart  high  viltraviolet  transmission  to  glass  ' suggested  the  use  of  this 
oxide  as  a glass  constituent.  Sixteen  compositions  were  formulated  and  melted 
in  which  the  P2O5  content  was  varied  from  6,0  to  27,9  weight  percent.  Neither 
the  fusion  behavior  nor  th<;  ultraviolet  transmission  of  these  glasses  were 
improved  over  those  glasses  which  did  not  contain  ^ addition,  several 

of  the  glasses  became  dense  opals  while  still  in  the  molten  state,  several 
became  dense  opals  during  the  re-heat  of  fusion  evaluation,  and  others  became 
lightly  opalescent  during  fusion  evaluation.  For  these  reasons,  the  use  of 
P2O5  as  a glass  constituent  was  discontinued. 

E,  Bismuth  Oxide-Containing  Glasses 

Bismuth  oxide  compositions  based  on  the  low  temperature  binary  eutectics 

Li20*Bi203  and  B202»Bi203  were  investigated  for  their  potential  to  reduce  fusion 

temperatures.  In  the  eutectic  ratios,  a glass  consisting  of  Li2*^*  ^^2®3  » 

AI2O3,  B2O3 , Bi203,  1^203,  Si02,  Ge02  and  Ce02  in  the  amounts  of  2,1,  1,0, 

5,0,  10,0,  25.0,  16.1,  5.0,  29.7,  5.0  and  0.3  percent,  respectively,  was 

developed.  Samples  of  this  glasses  which  varied  in  thickness  from  33  to  55  mils 

o 

strongly  adhered  when  fused  to  silicon  at  490  C for  20  minutes.  Sever  ' large 
crack  free  areas  were  observed.  One  mil  samples  applied  to  N/P  s ilver/ titanium - 
contacted  cells  by  the  frit  and  fusion  technique  did  not  show  evidence  of  microcrackj 
or  crazing. 
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The  pre»irradiation  cxxrvc  of  a 35  mil  sample  showed  a cutoff  at  0.4 
microns  and  a transmittance  of  85  percent  at  0.5  microns.  There  was  little 
change  in  the  pre-irradiation  curve  after  exposure  to  the  SrY^®  source. 

However,  because  of  the  0.4  micron  cutoff,  further  work  was  not  pursued. 

F.  Lead  Oxide-Containing  Glasses 

A continuing  goal  of  the  glass  development  studies  was  reduction  of  the 
fusion  temperature  without  detrimentally  aft'ecting  the  other  required  properties. 
Consequently,  lead  oxide,  having  a well  established  reputation  for  fltudng  ability, 
was  incorporated  into  a series  of  glasses,  ft  was  hypothesized  that  the  position 
of  PbO  in  the  glass  network  structxire  may  have  beneficial  fusion  effects  in  small 
percentages.  These  compositious  consisted  essentially  of  8203*8102  or 
B203«Ge02*  to  which  additions  of  Li20,  PbO,  ZnO,  AI2O3,  1^203,  and 

CeO^  were  made.  Representative  ccmpositions  in  oxide  weight  percent  are 
tabulated  in  Table  3.  However,  the  fusion  behavior  of  these  glasses  was  not 
significantly  improv  sd  and  the  high  atomic  ntimber  of  lead  could  be  detrimental 
to  hardenability.  Therefore,  subsequent  glass  development  excluded  lead  oxide 
as  a batch  constituent. 

G.  Final  Series  - 1*20*  ZnO* B2O3  *Si02  and  Li20*  ZnO* B203*Ge02  Glasses 
The  final  series  of  modifications  was  based  on  the  oxide  systems, 

Li20*  ZnO*  8203*5102  and  Li20*  Zi.0*E203*Ge02,  to  which  additions  of  AI2O3  , 
1-^203,  Ta20c,  CCO2  and  Ti02  were  made.  Melts  of  these  general  types 
consistently  yielded  glasses  having  relatively  low  thermal  expansion  and  fusion 
temperature,  good  radiation  resistance  and  high  transmission.  Compositions, 
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selected  to  represent  the  development  trend  in  this  series,  are  shown  in 
Table  4.  Throughout  this  series  an  attempt  was  maoe,  with  few  exceptions, 
to  keep  the  Li20  content  at,  or  below,  5.0  weight  p.£rcent,  to  maintain  the 
combined  ZnO,  Al^O^,  coQ^ent  b«itween  10.0  and  25.0  weight 

percent,  to  add  either  CeC>2  or  Ti02  in  amounts  of  >'  .5  weight  percent  orders, 
and  use  B2O3 , SiO^  and/or  Ge02  to  complete  the  remadcdcr  of  the  compositions. 

H.  Fusion  Evaluation 

This  property  was  evaluated  by  two  methods.  One  involved  the 
preparation  of  a slurry  coasieting  of  -200  mesh  particles  of  glass  in  an  organic 
liquid.  Amyl  acetate/ ethocel  mixt^’reB,  various  alcohols,  and  alcohol/ ethyl 
acetate  mixtures  were  used  as  the  slurry  vehicle.  The  surface  of  a 13  mil  thick 
silicon  wafer  was  partially  covered  with  glass  particles  deposited  from  the  slurrv. 
The  film  was  dried,  and  the  coated  wafer  was  then  heated  at  the  lowest  temperature 
which  caused  the  glass  particles  to  fuse  to  each  other  and  bond  to  the  silicon.  The 
other  method  consisted  of  placing  a small  piece  1/4"  x 1/4"  x 0.014")  of 
roll  quenched  glass  ou  the  silicon  wafer  and  heating  as  previously  described. 

The  wettiug  and  binding  to  silicon,  as  well  as  a very  qualitative  analysis 
of  glass/ silicon  thermal  expansion  match,  was  obtained  by  these  techniques. 
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V.  RADIATION  RESISTANCE 


The  viltraviolet  and  electron  irradiation  resistance  of  the  (<las8es  wcie 
screened  in  the  facilities  described  in  the  following  paragraphs. 

The  ultraviolet  exposure  chamber  was  designed  to  simulate  the  atmosphere 
237  miles  from  the  surface  of  the  earth.  Energy  from  a 20  kW  xenon  lamp 
uniformly  irradiates  a 36  inch  diameter  area  at  pressures  of  10“^  Torr.  The 
length  of  exposure  was  120  hours;  36  samples  in  a 15  inch  square  holder  were 
irradiated  sjmtiltaneously.  Figures  7 and  8 show  the  chamber  and  sample 
holder,  respectively. 

Tlie  electron  irradiation  chamber  is  a four  inch  diameter  canister,  five 
inches  long  which  utilizes  a Sr^®  source  to  produce  0.6  MeV  beta  electrons. 

The  source,  purchased  in  1967,  has  a half-life  of  28  years  and  was  initially 
rated  at  10  curies.  The  irradiation  area  is  2.5  cm^  which  permitted  only  one 
glass  sample  or  2 x 2 cm  solar  cell  to  be  exposed  at  one  time.  Early  in  the 
program,  the  evaluation  of  resistance  to  electron  irradiation  was  performed  by 
exposing  each  glass  in  the  Sr^  source  for  120  ho  irs.  It  soon  became  apparent 
that  this  method  was  consuming  too  mucL  screening  time.  To  determine  the 
possibility  of  reducing  the  exposure  time  and  still  obtain  significant  data,  an 
experiment  was  conducted  with  glass  No.  22.  The  same  disk  was  used  for  a 
series  of  exposures  as  shown  in  Figure  9 and  the  results  indicated  that  a 24  hour 
exposure  was  sufficient.  A similar  experiment,  using  five  different  samples, 
was  repeated  to  determine  if  some  of  the  radiation  effects  might  "bleach"  out 


TRANSMITTANCE  (%) 


O Gi-ASS  NO.  22,  AS  CAST  (l  13  MILS  THICK) 


□ 24  HROU  SR  EXPOSURE 
O ^6  HOUR  SR^  EXPOSURE 
A 68  HOUR  SR®°  EXPOSURE 

fik  89  HOUR  SR®°  EXPOSURE 
^ 162  HOUR  6R^  EXPOSURE 
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f SAMPLE 


0.25  0.30  0.40  0.50  0.60  0.70  0.80  0.90  1.00  1.10  1.20 

WAVELENGTH  (MICRONS) 


Figure  9.  Effect  of  Sr  ejqxjsure  time  on  transmission  of  the  same  sample 

of  glass  No.  22 
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* GLASS  NO.  22,  AS  CAST  (AVERAGE  OF 
” 5 DIFFERENT  SAMPLES) 

□ 36  MIL  SAMPLE,  SR^  EXPOSURE  24  HOURS 

O 35  MIL  SAMPLE,  SR^  EXPOSURE  48  HOURS 
A 31  MIL  SAMPLE,  SR*^  EXPOSURE  96  HOURS 

^ 45  MIL  SAMPLE,  SR**  EXPOSURE  72  HOURS 
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D 73  MIL  SAMPLE,  SR  EXPOSURE  1 20  HOURS 


0.25  0.30  0.40  0.50  0.60  0.70  0.80  0.90  1.00  1.10  l.I 

WAVELENGTH  ( MICRONS) 


Figure  10.  Effect  of  Sr  e7q>osure  time  on  transmission  of  five  different 

samples  of  glass  No.  22 


during  the  time  interval  the  disk  was  removed  from  the  radiation  chamber  for 

transmittance  measurements  / The  results  of  this  work,  shown  in  Figure  10, 

confirmed  a 24  hour  exposure  time  as  sufficiently  long  to  produce  discerrible 

radiation  effects  from  which  evaluation  of  different  glasses  could  be  made. 

This  latter  study  also  suggests  that  thicker  samples  receive  more  radiation 

damage.  The  31  mil  sample,  exposed  for  96  hours,  had  a better  transmittance 

(less  damage)  thiin  the  45  mil  sample  after  only  72  hours  of  exposure  (Figure  10). 

The  ability  of  CeO^  to  improve  the  resistance  of  glass  to  radiation  damage 

(13) 

has  been  amply  described  in  the  literature.  This  was  clearly  demonstrated 

early  in  our  glass  development  studies.  A small  amount  (0.5  w/o)  of  CeO^p 
added  to  the  parent  glass,  significantly  improved  the  radiation  resistance  as 
shown  in  Figures  11  and  12.  Unfortunately,  ceria  absorbs  in  the  ultraviolet 
portion  of  the  spectrum  which  results  in  pre-irradiation  transmission  loss, 
also  shown,  in  Figure  12. 

Late  in  the  program,  CeO^  was  replaced  with  Ti02  which  resulted  in  some 
improvement  in  both  pre-  and  post-  irradiation  transmission.  Figures  13  and 

14  show  these  results. 

The  effect  of  composition  on  radiation  resistance  was  further  demonstrated 
by  replacing  part  of  the  Li20  in  glass  ITL  with  Na20.  The  modification, 
designated  ITLN,  had  inferior  radiation  resistance  as  seen  in  Figure  15. 

^Normally  the  post -irradiation  transmittance  measurements  were  made 
within  an  hour  after  removing  the  sample  from  the  Sr  chamber. 
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TRANSMISSION  (%)  TRANSMISSION  (%) 


WAVELENGTH  IN  MICRONS 


^gure  11. 


Transmission  profiles  of  the  parent  glass,  No.  1,  before  and  after 
electron  irradiation 


WAVELENGTH  IN  MICRONS 

Figure  12.  The  effect  of  0.5  weight  percent  ceria  addition  on  the  radiatioTi 

resistance  of  glass  No.  1 
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With  the  p-^vcnt  of  silicon  solar  cells  having  a greater  spectral  response 
in  the  shorter  wavelengths  an  effort  to  further  improve  the  transmission  of 
gUsses  in  this  area  was  made.  Both  CeO^  and  Ti02  were  eliminated  from  the 
glasses  with  the  result  that  pre-irradiation  transmittance  increased  markedly. 
Although,  post-irradiation  data  show  that  radiation  damage  occurred,  some  of 
these  glasses  transmitted  15%  of  the  incident  energy  at  0,25  microns  after 
electron  irradiation.  Figures  16  and  17  are  typical  transmittance  profiles 
for  glasses  of  this  type. 

Although  glass  darkens  during  irradiation  with  an  accompanying  decrease 
in  transmission,  especially  in  the  ultraviolet  region,  the  color  will  fade  when 
the  glass  is  removed  from  the  radiation  environment.  The  length  of  time 
required  to  restore  the  original  transmission  is  time/temperature  dependent, 
thus  "bleaching”  can  be  hastened  by  heating  the  irradiated  sample.  The 
mechanisms  influencing  color  fading  have  been  discussed  by  Barber  and 
Richardson  and  others  (^9-21)  ^gj.gg  that  composition  is  a 

significant  factor.  We  have  observed  color  fading  over  a period  of  days  at 
room  temperature  and  in  an  hour  or  two  at  elevated  temperatures.  In  the 
first  instance,  two  glasses  were  exposed  to  Sr  for  24  hours  then  placed 
near  a window  in  the  laboratory.  Within  10  days  both  samples  had  regained 
their  original  appearance.  In  the  latter  instance,  another  sample  of  a different 
glass  was  exposed  to  Sr'  /24  hours  and  after  its  post-irradiation  transmission 
was  determined,  the  sample  was  heated  in  air  at  100°C/1  hour,  which  restored 
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Figure  16.  lypical  pre-  and  post-irradiation  transxnission  profiles  of  glasses 

containing  neither  CeO-  nor  TiO- 
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Figure  17.  l^pical  pre-  and  post-irradiation  transmission  profiles  of  glasses 

containing  neither  CeC^  nor  TiOg 
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the  transmission  to  within  10%  of  its  original  value.  This  data  is  shown  in 
Figure  18.  More  recently,  a sample  of  GE-101673  and  one  of  Corning  OZll 
microsheet  were  similarly  treated,  except  that  the  glasses  were  heated  at 
80°C  in  a vacuum  of  5 x 10“^  Torr  for  one  hour.  The  results  of  this  treatment 
are  shown  in  Figure  19  A and  B. 

VI.  TRANSMITTANCE  CHARACTERISTICS 

Transmission  profiles  were  obtained  on  a Model  99  Perkin-Elmer 
monochromator  coupled  to  a Gier-Dunkle  integrating  sphere,  which  contained 
a photomultiplier  and  lead  stiifide  detectors.  The  energy  source  for 
measurements  from  0.25  to  0.35  microns  was  a Beckman  hydrogen  lamp. 

A tungsten  strip  filament  provided  the  energy  for  measurements  from  0,35  to 
1,2  microns.  Transmittance  measurements  at  wavelengths  shorter  than  0. 25 
microns  would  require  considerably  more  sophisticated  equipment  to  avoid 
reflection  losses  from  the  fused  silica  prism  in  the  monochromator. 

Measurements  routinely  were  made  to  0.  35  m.icrons  only.  However,  for 
those  glasses  exhibiting  any  significant  transmission  at  this  wavelength,  the 
measurements  were  extended  to  0,25  microns. 

Initially  the  measurements  were  made  on  annealed  disks  about  1 " diameter 
and  80  mils  thick.  However,  after  roll  queching  became  established,  pieces 
of  glass  ribbon  about  l x i/2"  x 14  mils  were  used. 

Most  of  the  more  radiation  resistant  glas  es  exhibit  sharp  absorption  edges 
around  0.35  to  0.40  microns  and  a maximum  transmittance  of  90%  from  about 
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Figure  18.  The  effect  of  thermal  treatment  on  color  fading  of  a radiation  darkened  glass 
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FigT^ire  19A.  The  effect  of  thermal/ vacmim  treatment  on  color  fading  of  radiation 

darkened  Coming  0211  microsheet 
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Figure  19B.  The  effect  of  thermal/ vacuum  treatment  on  color  fading  of  irradiation 

darkened  GE-102573 
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0.50  to  1.?  microns.  Glass  ITL,  shown  in  Figure  5,  is  typical  of  this 
beha‘4.or.  The  addition  of  AI2O3  and  Ta^Og,  increasing  the  B2O3  content, 
and  replacing  SiO^  with  Ge02  increased  the  maximum  transmittance  to  about 
92%  from  0.45  to  1.2  microns.  Glass  HR- 12BG,  shown  in  Figure  20,  was 
the  first  composition  to  exhibit  this  behavior. 

Some  of  the  lead  oxide -containing  glasses  described  in  Section  HA  exhibited 
very  interesting  transmission  profiles.  In  fact,  one  of  these  glasses, 

GE-5973-8,  transmitted  more  energy,  before  and  after  irradiation,  than  any 
of  the  other  glasses  we  developed.  The  peak  in  the  pre-irradiation  transmittance 
data  probably  reflects  some  form  of  luminescence.  These  data  can  be  seen  in 
Figure  21. 

Near  the  end  of  the  program  a series  of  lead-free  glasses  was  developed 
which  had  very  high  ultraviolet  transmission.  Some  of  these  glasses  had 
transmittance  values  over  60%  at  0.25  microns  and  maximum  transmittance 
of  90%  from  about  0.40  to  1.2  microns,  The  transmission  profiles,  before  ana 
after  irradiation,  of  two  of  these  glasses  are  shown  in  Figures  I6  and  17. 

It  is  interesting  to  note  that  the  high  values  of  transmittance  exhibited  by 
many  of  the  glasses  developed  during  this  program  were  obtained  from  samples 
which  did  not  have  the  benefit  of  an  anti-reflection  coating.  Presumably  the 
application  of  MgF2»  or  a similar  material,  to  these  glasses  would  have 
resulted  in  slightly  higher  values. 


Figure  20.  The  pre-  and  post-irradiation  transmission  oJ  glass,  HR-12BO 


The  pre-  and  post-irradiation  transmission  of  a lead-oxide  containing 
glass,  GE-5973-8. 


Another  interesting  cbsexvation  concerns  the  effect  of  substrate  on 
the  apparent  transmittance  of  a glass.  A wafer  of  viltrapure  fused  silica 
62  mils  thick  was  coated  with  1.6  mils  of  glass,  GE-72673.  Pre-  and  post- 
irradiation transmittance  measurements  were  made  on  the  uncoated  silica, 
on  the  coated  silica,  and  on  a piece  of  the  GE-72673  glass.  The  results, 
shown  in  Figures  22  and  23,  clearly  reveail  that  the  optical  behavior  of  the 
cover  glass  was  upgraded  signifiLcautly  more  than  the  transmission  of  the  fused 
silica  was  downgraded. 

Vn.  THERMAL  EXPANSION 

The  linear  coefficient  of  thermal  expansion  of  the  glasses  was  determined 
with  a Brinkmann  dilatometer  using  1/4  inch  square,  2-inch  long  specimens. 
This  dilatometer  contains  a resistance  heated  tubvilar  furnace,  fused  silica 
specimen  holder,  type  S (Platinum  vs.  platinum  - 10  percent  rhodium) 
thermocouples,  a linear  variable  differential  transformer  (LVDT)  to  sense 
specimen  length  changes,  and  a two-pen,  time-base,  strip  chart  recorder. 

A programmer  and  electronic  controller  maintain  a constant,  preselected  rate 
of  temperature  increase  in  the  tub'olar  furnace,  using  the  output  of  a type  S 
thermocouple  attached  to  the  furnace  wall  as  a feedback  signal.  The  test 
specimen  rests  in  a fused  silica  tube  which  is  attached  to  the  body  of  the  LVDT. 
The  core  of  the  LVDT  is  attached  to  one  end  of  a fused  silica  rod,  the  opposite 
end  of  which  contacts  the  test  specimen.  Changes  in  specimen  length,  then, 
cause  changes  in  LVDT  output  which  is  demodulated  and  recorded  as  a function 
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Figure  22.  The  pre-  and  post-irradiation  transmission  of  a bare  fused  silica  disk 
and  of  the  same  disk  coated  with  glass,  GE-72673 
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Figure  23.  The  pre-  and  post-irradiation  transmission  of  glass,  GE-72673 


of  time  on  the  strip  chart  recorder.  A second  type  S thermocouple, 
attached  to  the  test  specimen,  is  used  to  record  specimen  temperature  as 
a function  of  time  on  the  strip  chart  recorder,  A micrometer  head  is  incor- 
porated in  the  measuring  system  to  directly  calibrate  the  LVDT  in  place. 
Thermal  expansion  of  the  fused  silica  measuring  system  is  periodically 
calibrated  using  standard  specimens  obtained  from  the  National  Bureau  of 
Standards.  The  resulting  system  calibration  data  are  used  to  correct  the  raw 
thermal  expansion  data  for  an  unknown  specimen  with  a GE  M605  computer 
routine. 

The  thermal  expansion  of  some  initial  compositions  was  as  high  as  15,9  x 
10"^  cm/cm/°C  over  the  range  25  to  400°C,  Compositional  adjustments 
including  the  addition  of  AI2O3  and  Ta20tj  , decreasing  the  Li^O  content,  and 
increasing  the  ZnO  content  have  considerably  reduced  that  value.  Recently 
glasses  having  expansions  of  about  6.  0 x 10"^  cm/cm/°C  have  been  routinely 
developed.  While  this  value  is  higher  than  the  4.0  x 10”^  cm/cm/°C  exhibited 
by  silicon  solar  cells,  coatings  in  excess  of  50  microns  have  been  applied. 

Figure  24  shows  expansion  profiles  for  the  parent  glass  with  a coefficient 
of  9.7  X 10 and  glass  HR-12B4  which  has  a coefficient  of  5.7  x 10"^/°C. 
Coefficients  of  expansion  and  dilatometer  softening  point  data  for  other  glasses 
investigated  are  listed  in  Table  5. 
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Figure  24.  Thermal  expansion  profiles  of  the  pp.rent  glass  (No.  1)  and  of  the 
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TABLE  V.  THERMAL  EXPANSION  COEFFICIENT  AND  DILATOMETER 
SOFTENING  POINT  (DS?)  DATA 


INITIAL  SERIES 


Glass 

Expansion  ^ 

No. 

Coefficient 

DSP 

1 

9.7 

460 

1 

.•  Xw 

12.2 

462 

ITLN 

13.6 

425 

24B-8 

16.5 

395 

LEAD  GLASS  SERIES 

HR-16A 

8.9 

425 

HR-16B 

8.4 

430 

GE-2 

6.3 

470 

FINAL  SERIES 

HR-5 

9.5 

480 

HR-8A 

9.9 

460 

HR-8C 

10. 1 

465 

HR-9 

6.7 

435 

HR-9C 

6.1 

460 

HR-9H 

6.3 

480 

HR- 10 

6.6 

470 

HR-lOA 

6.2 

470 

HR-12B 

6.0 

460 

HR-12BG 

6.1 

440 

HR-12B4 

5.7 

455 

HR-12BG2 

6.0 

450 

GE-6773 

6,1 

445 

GE-42373-1 

6.8 

460 

GE-51773 

6.7 

480 

GE-52373-1 

7.2 

440 

GE-6673-1 

6.0 

450 

J * X 10-^  cm/cm/°C,  25  -400°C 

**  Corresponds  to  a viscosity  of  approximately  10^^  poises.  Not  to  be 

(confused  with  softening  temperature  obtained  by  ASTM  fiber  method 
which  corresponds  to  a viscosity  of  4.5  x 10^  poises.  The  latter 
represents  a much  more  fluid  condition. 

% 
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vm.  SOLAR  CELL  COATING  AND  CHARACTERIZATION 


A.  Coating  Technique 

The  application  technique  we  have  used  is  principally  one  involving 
sedimentation  of  very  fine  glass  particles  from  an  ethyl  acetate/ isopropyl 
alcohol  slurry  onto  a silicon  solar  ceil.  Glass  ribbon,  bail  milled  to  pass 
through  a 200  mesh  sieve,  is  mixed  with  the  ethyl  acetate/isopropyl  alcohol 
and  the  slurry  is  poured  onto  a solar  cell  positioned  in  a shallow  container. 
After  a brief  time  period  to  allow  a sedimented  layer  to  form,  the  excess 
slurry  is  siphoned  off  for  re-use.  The  slurry-coated  cell  is  then  dried  and 
subsequently  heated  at  a temperature  which  fuses  the  particles  to  each  other 
and  to  the  solar  cell.  Modules  consisting  of  nine  solar  cells,  in  a 3 x 3 ceil 
symmetry,  have  also  been  coated  by  this  method.  The  cell  interconnects  ab  •> 
to  receive  a glass  coating  by  this  technique. 

Although  we  have  successfully  coated  many  individual  silicon  solar 
cells  and  several  9-cell  modules  by  the  fusion  method,  we  believe  that  these 
glasses  could  also  be  appKed  by  most  of  the  other  integral  cover  techniques 
being  investigated,  if  desirable  to  do  so. 

B,  Characterization 

Initially,  N/P  aluminum  contacted  and  P/N  lithium -doped  aluminum 
con*'*cted  cells  were  studied  in  the  program.  I-V  response  data  revealed  that 
the  P/N  lithium  doped  cells  were  very  tempercture-sensitive;  a fusion  cycle 
of  510°C/30  minutes  degraded  their  electrical  performance  below  an  acceptable 
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level.  Subsequent  data  supplied  by  AFAPL  confirmed  that  a cycle  of 
500°C  10  minutes  was  a majdmum  temperature-time  profile. 

The  N/P  aluminum-contacted  cells  were  only  slightly  less  temperature- 
sensitive.  Integrally  covering  these  cells  in  a fusion  cycle  of  520°C/18  minutes 
produced  marginally  acceptable  I-V  responses. 

In  Figure  25  the  I-V  responses  of  bare  and  integrally  covered  P/N  and 
N/P  aluminum  contacted  cells  are  shown.  Coating  the  P/N  lithium  doped  ceils 
caused  considerable  reduction  in  curve  factor  at  temperatures  as  low  as  510*^C, 

The  best  experimental  results  obtained  to  date  on  altiminum  contacted 
N/P  cells  have  been  with  glass  composition  HR-13C  and  HR-1 3D  fired  at  a 
temperature  time  cycle  of  520*^C/18  minutes.  Cells  containing  HR-13C  which  had 
been  applied  at  520°C/18  minutes,  had  efficiencies  in  the  vicinity  of  8.3  to  8.7 
percent  with  maximum  power  approximating  47  milliwatts.  Cells  coated  with 
HR-13D  had  efficiencies  in  the  -.dcinity  of  8%, 

Effort  was  also  directed  toward  cover  glass  development  for  N/P 
silver -titanium  contacted  cells.  While  the  temperat”-*'  constraints  are  not  as 
severe  for  these  cells,  they  definitely  exist  as  Figure  2fa  clearly  demonstrates. 

The  two  glasses  (HR-12BG  and  HR-12B)  used  to  cover  the  cells  are  almost  identical 
in  terms  of  composition  and  transmission  characteristics <,  Initial  efficiencies  of 
the  cells  were  slightly  better  than  10%,  Essentially  no  degradation  occurred 
during  a fusion  cycle  of  575°C/4  minutes,  the  efficiency  being  9.9%.  However, 
after  8 and  15  minutes  at  575°C  the  efficiency  decreased  to  8,3  and  6 percent. 
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Figure  26.  The  effect  of  various  fusion  times  (same  temperature)  on  the  I-V 
response  of  int^rally  covered  N/P  silver/titanium-contacted 

silicon  solar  cells 
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respectively.  Lower  temperatures  and  lonj/er  time  cycles  decreased 
efficiencies.  For  example,  application  of  HR-.’7.BG  at  540°C/25  minutes 
decreased  the  efficiency  to  8. 1%. 

The  effect  of  hvunidity  on  integral  glass  covers  applied  to  N/P 
silver/ titanium-contacted  silicon  solar  cells  was  investigated.  I— V response 
data  were  obtained  on  the  bare  cells,  on  the  cells  after  integral  covering,  and 
on  the  covered  cells  after  exposure  to  90%  R.H./38°C  for  30  days.  Twenty 
cells  were  subjected  to  these  conditions. 

Typical  data  obtained  from  one  of  the  four  sets  of  five  cells  are 
shown  in  Figure  27.  The  apparent  contradictory  behavior  exhibited  by  these 
data  may  be  related  more  to  establishing  good  electrical  contact  during  I-V 
measurements  than  to  cell  damage  during  glassing. 


44 


The  Effect  of  30  Day  Humidity  Exposure  on  the  I-V  Response  of  N/P  Silver/Tltanium-Contacted 
Cells  Integrally  Covered  With  Glass,  HR-12BG 


C,  Solar  Cell  Modvile  Fabrication 


The  initial  planning  for  this  program,  over  four  years  ago,  included 
the  demonstration  of  the  coating  process  on  nine  cell  modules  of  various 
types  of  solar  cells  and  interconnections.  When  the  time  came  to  order 
these  modxiles  (Spring  1973),  lack  of  sufficient  demand,  changes  in  the 
industry,  and  general  shortages,  etc.,  all  led  to  the  unavailability  of 
production  modules.  Special  arrangements  were  then  made,  with 
considerable  difficulty,  to  )iave  the  vendors  set  up  to  prepare  a few  modules 
for  use  in  completing  this  phase  of  the  program.  This  took  over  a year 
with  more  than  half  of  the  time  extending  beyond  the  completion  of  other 
aspects  of  the  program.  All  parties  concerned  performed  valiantly  in 
attempting  to  provide  the  desired  modules  within  the  limited  budgets  of  time 
and  funding.  Unfortunately,  the  restilts  were  not  as  good  as  one  would 
expect  if  the  cells,  modules,  and  coatings  were  being  more  continuously 
produced.  Nevertheless,  the  coatings  and  process  still  appear  to  have  a 
great  deal  of  promise  for  providing  low  cost  solar  cell  protection. 

Ten  modules  of  nine  cells  each  were  prepared  through  the  combined 
efforts  of  the  Systems  Group  of  TRW,  Inc.  and  Centralab  Semiconductor. 
These  were  as  follows: 

1.  Modules  1-4  (in  Table  VI)  were  parallel  gap  welded  with 
Invar  silver  interconnections  and  delivered  by  TRW,  Inc, 
using  nine  N/P  cells,  for  each  module,  with  silver/titanium 
contacts  prepared  by  Centralab. 
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2.  Module  5 was  fabricated  by  TRW  using  ultra sonically  welded 
aJLur.iinum  interconnections  on  N/P  aluminum  contacted 
solar  cells  (10  ohm-cm,  polished). 

3.  Modules  6-10  were  fabricated  by  Centralab  using  N/P 
aluminiun  contacted  cells  and  ultrasonic  welding  of  the 
aluminum  interconnects. 

Pre-glassing  current -volLage  characterization  of  the  N/P 
silver/titanium  contacted  solar  cell  modules  2 through  4 showed  open-circuit 
voltage  of  1.34  to  1.44  volts  and  short-circuit  currents  of  360  to  370 
millicimperes.  Module  5,  containing  N/P  ailuminum  contacted  cells  had  a 
Vqj,  of  1.5  volts  and  an  Ig^,  of  350  milliamperes.  Because  of  two  cracked 
cells,  module  1 gave  Ig^,  of  235  milliamperes  along  with  of  1.45  volts. 

Modules  6-10,  as  received,  showed  short-circuit  currents  of  100  to 
120  milliamperes  and  open-circuit  voltages  of  approximately  1.4  volts. 

The  poor  curve  factor  of  these  cells  was  attributed  to  overheating  during 
welding. 

As  detailed  in  Table  VI,  the  surface  qxiality  of  the  cells  affected  the 
glassivaCicn  process.  As  a result,  post-characterization  measurements 
were  not  made  on  the  C^ntralab  modules. 

The  pre-  and  post-glassivation  current-voltage  curves  are  shown  in 
Figure  28  for  m.oduies  2,  3 and  4.  They  showed  an  approximate  15  to  20% 
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decrease  in  short-circuit  current.  However,  there  was  little  change  in 
open-circuit  voltage,  which  is  the  parameter  most  sensitive  to  the 
glassing  process.  Module  3 tended  to  have  a higher  curve  factor  than 
rriodules  2 and  4. 

Single  cells  procured  earlier  from  Centralab  were  coated  and  fired 
with  the  modviles.  The  N/P  silver /titanium  cells  which  were  fired  with 
modules  1,  2,  3 and  4 had  efficiencies  of  9.8  to  9.9%  with  curve  factors 
similar  to  the  one  in  Figure  26  after  a firing  cycle  of  4 minutes  at  575°C. 
As  a result,  conclusions  as  to  the  compatability  of  various  cell  and 
contact  metallization  types  with  the  selected  glasses  can  best  be  based  on 
the  aforementioned  results  with  the  single  cells. 
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Cell  tneUUization  did  not  withstand  fusion  cycle, 
resulting  in  lifting  of  interconnects. 

Pre-gUsaivation  1-V  characteristics  measured  only. 


DC.  CONCLUSIONS  AND  RECOM2vIENDATIONS 

The  work  demonstrated  that: 

1.  Compositions  can  be  modified  so  that  the  resultant  glasses  have 
low  fusion  temperature,  relatively  low  thermal  expansion, 
and  good  transmission  in  the  wavelength  range  from  0.25  to 
1.2  microns,  before  and  after  electron  irradiation, 

2.  These  glasses,  when  crushed  to  -200  mesh  particles  and 
sedimented  onto  a silicon  solar  cell,  can  be  fused  to  the  cell 
surface  to  form  an  integral  cover. 

3.  Conventional  N/P  silver/titanium-contacted  silicon  solar  cells 
were  integrally  covered  without  degrading  cell  performance. 
However,  the  temperature  sensitivity  of  the  aluminum-contacted 
cells  resulted  in  complete  degradation  of  the  P/N  lithixim -doped 
variety  and  in  only  marginal  success  with  the  N/P  type  cells, 

4.  The  sedimented  particle/ fusion  method  producer;  2.0  mil  thick 
integral  covers  in  much  less  time  than  any  of  the  covering 
techniques  being  currently  evaluated. 

While  the  program  yielded  several  positive  results,  we  believe  that  the 
problems  defined  could  be  resolved  with  the  following  additional  effort; 

1,  A limited  continuation  of  glass  development  ?imed  specifically  at 
lowering  both  fusion  temperature  and  thermeil  expansion.  This 
would  result  in  successfully  covering  aluminum-contacted  cells 
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and  would  allow  thicker  than  2,0  mil  covers  to  be  applied  to 
all  types  of  cells. 

2.  Optimization  of  an  integral  cover  application  method  which 
maintains  the  solar  cell  at  a significantly  lower  temperature 
while  the  sedimented  glass  particles  are  quicldy  fused  by  either 
a flame  fusion  or  concentrated  radiant  heat  technique. 
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